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We previously reported that protein tyrosine phosphatase non-receptor type 3 (PTPN3), which is upregulated in
activated lymphocytes, acts as an immune checkpoint. However, the mechanism by which PTPN3 expression is
enhanced in activated lymphocytes is unknown. In this study, we analyzed the mechanism of PTPN3 expression
in activated lymphocytes with a view for developing a novel immune checkpoint inhibitor that suppresses
PTPN3. Through the activation process, lymphocytes showed enhanced NFxB activation as well as increased

PTPNS3 expression. NFkB enhanced proliferation, migration, and cytotoxicity of lymphocytes. Furthermore, NFxB
enhanced PTPN3 expression and tyrosine kinase activation. TGFp reduced PTPN3 expression and NFkB activa-
tion in the cancer microenvironment, and suppressed the biological activity of lymphocytes. The results of this
study are expected to provide significant implications for improving existing immunotherapy and developing

novel immunotherapy.

1. Introduction

Surgical therapy, chemotherapy, and radiotherapy have played a
central role in cancer treatment. In recent years, immunotherapy has
received increased attention as a novel treatment for cancer. Among
immunotherapies, immune checkpoint inhibitors have shown efficacy in
patients that do not respond to other treatments [1,2]. However, the
effectiveness of immune checkpoint inhibitors is still limited, and these
treatments are associated with side effects such as autoimmune diseases
and high cost. Therefore, the development of new cancer immune
therapies is an important focus of research.

Activated lymphocytes are mainly responsible for the anti-tumor
effect of cancer immunotherapy [3]. Through the process of lympho-
cyte activation, the proliferation, migration, and cytotoxicity activities
of lymphocytes are enhanced [4]. Protein tyrosine phosphatase (PTP) is
an enzyme that dephosphorylates tyrosyl residues of tyrosine and
counteracts the actions of protein tyrosine kinase (PTK), which is
involved in cell proliferation, differentiation, adhesion, migration, and

other activities through its phosphorylation of tyrosyl residues [5,6]. We
previously reported that protein tyrosine phosphatase non-receptor type
3 (PTPN3) exhibits inhibitory actions on activated lymphocytes as an
immune checkpoint [7]. Lymphocytes are exposed to antigen presen-
tation from antigen presenting cells and gain cytotoxic activity. At that
time, stimulation from TCR/CD3 is transmitted inside the cell, and the
NFxB transcription factor is activated through a signal cascade [8].
However, the relationship between PTPN3 expression and NFkB in the
process of lymphocyte activation has not been reported and the PTPN3
expression mechanism in activated lymphocytes is not clear. Elucidating
the mechanism of the enhanced expression of PTPN3 in activated lym-
phocytes may lead to the development of more effective immune
therapies.

In this study, we focused on the relationship between NFkB and
PTPN3 expression and examined the mechanism of enhanced PTPN3
expression in activated lymphocytes. These results may lead to the
improvement of immune therapeutic effects or the development of novel
immunotherapies.
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2. Materials and methods
2.1. Activation of lymphocytes

Peripheral blood mononuclear cells (PBMCs) were collected from
heparinized peripheral blood of healthy volunteers via HISTOPAQUE-
1077 (Merck KGaA, Germany) density gradient centrifugation. PBMCs
were cultured in RPMI-1640 (Nacalai Tesque, Japan) supplemented
with 0.5% human serum, 2000 units/ml penicillin (Meijiseika, Japan),
10 pg/ml streptomycin (Meijiseika), and 200 U/ml IL-2 (Primmune,
USA) in a six-well plate coated with 2.5 pg/ml anti-CD3 monoclonal
antibody (OKT3, JANSSEN PHARMACEUTICAL K.K., Japan). Non-
adherent fractions were collected as activated lymphocytes.

Informed consent was obtained from all individuals, and all experi-
ments were approved by the Kyushu University Ethics Committee (29-
251 and 28-277).

2.2. Cell viability and treatments

Cell viability was measured by the Trypan blue dye exclusion assay
(Sigma Aldrich, USA). Ammonium pyrrolidinedithiocarbamate (PDTC),
an inhibitor of NFxB nuclear translocation (Sigma Chemical, Germany),
was used in some experiments.

2.3. Cancer cell culture

The human pancreatic ductal adenocarcinoma cell lines SUIT2,
PANCI, and AsPCl (American Type Culture Collection, USA) were
maintained in RPMI 1640 medium supplemented with 10% fetal calf
serum (Thermo Fisher Scientific, USA) and antibiotics (2000 units/ml
penicillin and 10 pg/ml streptomycin).

2.4. Lymphocyte-cancer cell co-culture

Transwell inserts (pore size, 0.4 um; BD Biosciences, USA) were used
for co-culture of lymphocytes and cancer cells. The upper chamber
included PBMCs (1 x 10° cells/ml) from healthy donors, and the lower
chamber included pancreatic ductal adenocarcinoma cell lines (1 x 10°
cells/ml). After 24 h or 72 h co-incubation, lymphocytes were analyzed.

2.5. Preparation of cancer cell culture supernatant

Pancreatic cancer cells (2 x 10° cells/well) were seeded into a 6-well
plate and incubated for 72 h. After the incubation time, the supernatant
was centrifuged and filter sterilized (0.22 pym).

2.6. RNA interference

The pLLX vector was kindly provided by Dr. Z. Zhou (University of
Pennsylvania School of Medicine) and Dr. M. E. Greenberg (Harvard
Medical School). The nucleotide sequence for short hairpin RNA
(shRNA) targeting NFkB p65 was as follows: shNFkB p65, GGGATGA-
GATCTTCCTACTGTGTGA. The oligonucleotide was ligated into the
pLLX vector. This plasmid vector was co-transfected with the pCMV-
VSV-G-RSV-Rev plasmid and pCAG-HIVgp plasmid (Riken, Japan)
using Lipofectamine 2000 reagent (Invitrogen, USA) into the 293 T cell
line to produce lentiviral stock. Nucleotide sequences for shRNA tar-
geting PTPN3 were as follows: shPTPN3 #1, CAATCAGAAGCA
GAATCCTGCTATA, and shPTPN3 #2, GACAGCTACTTAGTCTT-
GATCCGTA. The oligonucleotides were ligated into pcDNA™6.2-GW/
Em-miR (#K4934-00; Thermo Fisher Scientific). The miR-RNAi cassette
was transferred from pcDNA™6.2-GW/Em-miR into the pLenti6.4/
R4R2/V5-DEST MultiSite Gateway® vector using MultiSite Gateway®
technologies (Thermo Fisher Scientific). This plasmid vector was then
co-transfected with the ViraPower™ Packaging Mix (included in
BLOCK-iT™ Lentiviral Poll 1 miR RNAi Expression Systems; Thermo
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Fisher Scientific) using Lipofectamine 2000 reagent into the 293FT cell
line to produce the lentiviral stock. Lentiviral infection of lymphocytes
was performed from culture day 2.

2.7. Real-time RT-PCR

Total RNA was extracted using a High Pure RNA Isolation kit (Roche,
Switzerland) and quantified by spectrophotometry (NanoDrop 1000;
Thermo Scientific). RNA (1.0 pg) was reverse transcribed to cDNA with
the Verso cDNA Synthesis Kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Reactions were run on a 7500 Real-Time PCR
System (Applied Biosystems, USA) using PowerUp SYBR Green Master
Mix (Applied Biosystems) [9]. Human PTPN3 real-time primer was
purchased from Bio-Rad. Sequences of PCR primers are as follows:
p-actin forward, 5-TTGTTACAGGAAGTCCCTTGCC-3'; reverse, 5'-
ATGCTATCACCTCCCCTGTGTG-3'; and NF«B p65 forward, 5'-CGCTGCA
TCCACAGTTTCCA-3'; reverse, 5'-AGGGGTTGTTGTTGGTCTGG-3'. The
amount of each target gene in each sample was normalized to the level of
B-actin in that sample.

2.8. Western blotting

Western blotting was performed as described previously [10]. In
some experiments, pancreatic cancer supernatants, recombinant TGFp1
(No. 209-16544, Wako, Japan), anti TGFf1 neutralizing Ab (#521707,
BioLegend, USA), and control mouse IgG Ab (#400165, BioLegend)
were added to the culture and were incubated at the indicated period.
50 pg of protein was used for assay. Blots were incubated with anti-
PTPN3 (1:200, sc-9789; Santa Cruz Biotechnology, USA), anti-ZAP
(1:2000, No. 3165; Cell Signaling Technology), anti-pZAP (1:1000,
No. 2701; Cell Signaling Technology), anti-LCK (1:1000, No. 2657; Cell
Signaling Technology), anti-pSRC (1:1000, No. 2101; Cell Signaling
Technology), anti-SMAD2/3 (0.5 pg/ml, AF3797-SP; R&D systems,
USA), anti-pSMAD2/3 (2 pg/ml, MAB8935-SP; R&D systems) or anti-o
tubulin antibodies (1:1000; Sigma Aldrich, USA) overnight at 4 °C. The
blots were then incubated with HRP-linked secondary antibody
(1:10000; GE Healthcare, UK) at room temperature for 1 h. Immuno-
complexes were detected with Chemi-Lumi One Super (Nacalai Tesque)
and visualized with EZ Capture ST (ATTO, Japan). To normalize protein
bands, a-tubulin was used as a protein loading control.

2.9. Migration assay

Migration ability of lymphocytes was evaluated in migration assays
using Transwell inserts (pore size, 3.0 um; BD Biosciences, USA). Lym-
phocytes (1 x 10° cells) were added to the upper chamber and incubated
for 16 h. After incubation, all cells that had migrated from the upper to
the lower side of the filter were counted using a light microscope (BX50;
Olympus, Japan).

2.10. Cytotoxic assay

Target SUIT2 or PANC1 cells (1 x 10* cells/well) were seeded into a
96-well flat-bottom plate and incubated for 12 h to allow adherence.
Effector cells (activated lymphocytes) were then added to the culture.
Target and effector cells were co-incubated for 72 h at effector/target
cell ratios of 5:1, 10:1 and 20:1. To quantify viable adherent cancer cells,
the Cell Count Reagent SF (Nacalai Tesque) was added to the wells for 1
h at 37 °C. The absorbance at 492 nm was then measured using a
microplate reader (Biotrak visible plate reader; Amersham Biosciences,
USA). Viable cancer cells were detected by subtracting the absorbance of
lymphocytes alone from that of under co-culture conditions. Optical
density indicates the calculated absorbance of viable cancer cells [11].

To confirm the cytotoxicity of activated lymphocytes, lymphocytes
and calcein-labeled cancer cells (PANC1 or SUIT2) were co-cultured at
20:1 (E:T) ratio. After co-culture, ratio of survival cancer area was
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Fig. 1. PTPN3 expression, tyrosine kinase activity, and NFkB activity were increased in activated lymphocytes. (A) PBMCs from healthy volunteers were activated by
anti-CD3 antibody and IL-2. Left, PTPN3 mRNA expressions in lymphocytes before and after activation were estimated by real-time RT-PCR. Right, PTPN3 protein
expressions in lymphocytes before and after activation were investigated by western blotting. (B) Western blotting was performed for the indicated proteins in
lymphocytes before and after activation. (C) Activated lymphocytes were infected with shPTPN3 or shControl lentivirus at day 2. Cell numbers were counted using a
light microscope. (D) Activated lymphocytes were infected with shPTPN3 or shControl lentivirus at day 2 and incubated for 48 h. The migration ability of lym-
phocytes at day 5 was analyzed. (E) Lymphocytes (day 5) and cancer cells (SUIT2) were co-cultured at 20:1 (E:T) ratio and the cytotoxicity of lymphocytes was
analyzed. (F) Lymphocytes and calcein-labeled cancer cells (SUIT2) were co-cultured at 20:1 (E:T) ratio. After co-culture of 8 h, ratio of survival cancer area was
corrected in the area of where only the cancer cells were cultured. (G) Total and phosphorylated NFkB p65 were measured in lymphocytes (day 0) and after incubated
with or without anti-CD3 antibody (day 3) by ELISA. Data are calibrated to the lymphocytes (day0). The lymphocytes used in each experiment of (A-G) were obtained

from three different healthy volunteers. Similar results were obtained in all experiments. Data are presented as the mean + SD. *p < 0.05.

<

corrected in the area of where only the cancer cells were cultured.
Calcein-labeled survival cancer cells area was measured by the ImageJ
software program.

2.11. Fluorescence-activated cell sorting (FACS)

Cells were stained with phycoerythrin (PE)-conjugated anti-CD3
mAbs (BD Pharmingen, USA). Mouse IgG was used as an isotype con-
trol (BD Pharmingen). The fluorescence intensity or percent positive
cells were measured using an FACS Calibur flow cytometer (BD Phar-
mingen) and analyzed with the CELL Quest software program (BD
Pharmingen).

2.12. Enzgyme-linked immunosorbent assay (ELISA)

To evaluate NFxB p65, lymphocytes (5 x 10* cells/well) were lysed,
and total and phosphorylated (Ser536) NFkB p65 were measured using a
NF«B p65 (Total/Phospho) Human InstantOne™ ELISA Kit (Thermo
Fisher Scientific), according to the manufacturer’s protocol.

To evaluate TGFf1, tumor cells were seeded into a 6-well plate. After
48 h of incubation, supernatants were collected, and the concentration
of TGFP1 was measured using the Human TGFp1 ELISA Kit (Proteintech,
USA) according to the manufacturer’s protocol.

2.13. PCR amplification and cloning of the PTPN3 promoter

Genomic DNA was isolated from healthy human PBMCs using a
Monofas DNA Kit IV (GL Science, Japan) and quantified. Genomic DNA
was used to PCR amplify PTPN3 promoter sequences to amplify region A
(-1841 bp to —649 bp w.r.t. TSS + 1) using primers (forward, 5'-
ATTGCCACCGCATGGTACCTCACTCAACTTCCACTCGGG-3'; reverse, 5'-
ATTGCTAGCTCCTGACCACCTTCCTCGAT-3') flanked with Kpn I and
Nhe I sites. Region B (—170 bp to +451 bp w.r.t TSS +1 in the PTPN3
promoter) was created by artificial gene synthesis (Invitrogen). PCR was
performed using the KOD One PCR Master Mix (TOYOBO, Japan). The
amplified products were subjected to agarose gel electrophoresis, and
the amplicons were excised from the gel, purified and cloned in the
pGL3-Promoter vector (Promega, USA) and designated as pGL3 (PTPN3-
A) and pGL3 (PTPN3-B). The vector was transfected in DH5a cells,
which were plated and incubated. Positive colonies were selected, and
the sequence of the cloned vectors were confirmed by sequencing using
BigDye® Terminator v3.1 (Applied Biosystem) on the Applied Bio-
systems 3130x] Genetic Analyzer (Applied Biosystem).

2.14. Dual-luciferase assay

For luciferase assays, 293 T cells were plated in 12-well plates and
cultured overnight. The cells were then transfected with the reporter
gene construct (pGL3 (PTPN3-A) or pGL3 (PTPN3-B)), phRV-SV40, and
expression plasmid (pCMV4-p65 expression plasmid or pCMV4-control
plasmid; Addgene, USA) using Lipofectamine 2000 reagent. After 48
h, luciferase activity was analyzed using a dual-luciferase assay kit
(Promega) following the manufacturer’s protocol.

2.15. Statistical analyses

Data are presented as the means + standard deviation (SD). Student’s
t-test was used to compare continuous variables between two groups. P-
values of < 0.05 were considered statistically significant.

3. Results

3.1. PTPN3 expression, tyrosine kinase activity, and NFkB activity were
enhanced in lymphocytes activated with anti-CD3 antibody and IL-2

We first examined PTPN3 expression, tyrosine kinase activation, and
NF«xB activation in activated lymphocytes. PBMCs from healthy human
peripheral blood were separated and activated using anti-CD3 anti-
bodies and IL-2 as described in the Methods [7]. PTPN3 mRNA and
protein expressions were very low in lymphocytes before activation, but
increased expression was observed through the activation process
(Fig. 1A). TCR/CD3 signaling is important for PTPN3 expression, and
increased phosphorylation of ZAP70, the major tyrosine kinase down-
stream of TCR/CD3, and phosphorylation of SRC (LCK), an important
tyrosine kinase upstream of TCR and downstream of CD4/CD8, were
also observed in activated lymphocytes (Fig. 1B) [7]. The function of
activated lymphocytes such as proliferation (Fig. 1C and Supplementary
Fig. S1A), migration (Fig. 1D and Supplementary Fig. S1B) and cyto-
toxicity (Fig. 1E, F and Supplementary Fig. S1C) augmented signifi-
cantly when PTPN3 was inhibited in activated lymphocytes. In addition,
NFkB activity was enhanced with the activation of lymphocytes, and
stimulation from anti-CD3Ab was also important for the activation of
NFxB in lymphocytes (Fig. 1G). Together these results suggest that
PTPN3 expression, tyrosine kinase activity, and NFxB activity were
enhanced in activated lymphocytes.

3.2. NFxB was involved in the proliferation, migration, and cytotoxicity of
lymphocytes

To investigate whether NF«B is important for lymphocyte function,
PDTC was administered before or after lymphocyte activation [12-14].
The p65 and p50 NFkB subunits form a complex in the cytoplasm, and
IkB binding to the complex leads to NFxB inactivation in the cytoplasm.
Reactive oxygen species (ROS) is thought to be involved in the process
leading to the release of IkB and subsequent NF«B nuclear translocation
and activation. PDTC acts as an antioxidant and neutralizes ROS, which
prevents the release of IkB and inhibits the nuclear translocation of
NF«B.

First, PBMCs were activated and then PDTC was used to suppress
NFkB activation. We confirmed that 100 pM of PDTC did not affect the
viability in activated lymphocytes (Fig. 2A). We examined the prolif-
eration of activated lymphocytes treated with PDTC. No change was
observed in the group treated with PDTC at a low concentration of 5 uM,
but inhibition of proliferation was observed at concentrations of 100 pM
(Fig. 2B). In addition, suppression of activated lymphocyte migration
ability was observed in the PDTC-treated group compared with controls
(Fig. 2C). We further evaluated the cytotoxicity of lymphocytes by co-
culture of lymphocytes with pancreatic cancer cells (SUIT2 and
PANC1) in two different methods. A decrease in cytotoxicity was



K. Nakayama et al. Cellular Immunology 358 (2020) 104237

B (x10%) Control "
= 100 350 SuM *
A ¥ = === 100uM *
= = 300
S
8 % 8 250
S 0 E 200
g £ 150
o 40 3
s o 100
o % 50
®
€ 0 0
DMSO PDTC 2 3 4 5 6
(100uMm) culture period (days)
(x10%) (x10%)
C 1 12 *
= 14 DMSO
g 10
€ 12 ]
S 8
£ I PDTC
9 8 6 (5um)
T 6
% a4
e 4 PDTC
o 2
S 2 (100pM)
° potc  ° Dmso PR 3
DMSO Bﬁn) (10 ) _
culture period (days)
culture period (days)
D casel E
PANC1 . SuIT2 g PANCL
s~ 215 5 2w
six 0 p T £ 5
T 025 T 025 ‘ g 10
= 020 I = 020 & 60
3o 25k 3
& oos & oos s a0
DMSO PDTC DMSO PDTC DMSO PDTC DMSO PDTC DMSO PDTC DMSO PDTC. S 2 DMSO
(100uM)  (100pM)  (100uM) (100pM)  (100pM)  (100uM) @
E:Tratio  5:1 10:1 20:1 5:1 10:1 20:1 k] 13
o
case2 % bmso PPTC ppsg PPTC
> 06 09 —= = (100pm) (100P«|V|)
G os 2 07 4 PDTC
w
g o4 S g'g culture period (hours) (100uM)
= 03 T 04
-§_ 0.2 S g-; s SUIT2
- . —
o o g 100 * x
mvuso PDTC DMSQ PDTC DMSO PDTC DMSO [PRTC DMSO PDTC DMSQ PDTC T 90
(100pM)  (100pM)  (100pM) 100pM)  (100uM)  (100pM) 3 80 ]
E:Tratio 5:1 10:1 20:1 5.1 10:1 20:1 2 7
S 60
= 50
. case3 S o DMSO
0.7 0.45 2 30
2 06 5 * Z 040 2 2
g2 os : : g 03 S 10
§ o = fm s 5
= 03 = 020 % pmso PPTC pumso PPTC
S 02 S 015 o (100uM) (IOOuM) PDTC
& o e g:(l,g 4 8 (100uMm)
0 0 =
DMSO PDTC DMSQ PDTC DMSQ PDTC DMSO PDTC DMSO PDTC DMSO PDTC culture period (hours)
(100pM)  (100pM) - (100pM) (100pM)  (100pM) - (100uM)
E:Tratio  5:1 10:1 20:1 5:1 10:1 20:1

Fig. 2. NFkB suppression inhibited the functions of activated lymphocytes. (A) Activated lymphocytes were treated with 100 uM ammonium pyrrolidinedithio-
carbamate (PDTC) or DMSO (as control) at day 2. Viability of activated lymphocytes was investigated by the count of viable cells by trypan blue staining method at
day 3. (B) Activated lymphocytes were treated with 5 uM or 100 uM PDTC or DMSO (as control) at day 2. Cell numbers were counted using a light microscope.
Representative pictures are shown. Original magnification x20. (C) Lymphocytes were treated with 100 uM PDTC or DMSO. The migration ability of lymphocytes at
day 3 or day 5 was analyzed. (D) Lymphocytes (day 3) and cancer cells (PANC1 or SUIT2) were co-cultured at various ratios and the cytotoxicity of lymphocytes was
analyzed. Data are representative of three independent healthy volunteers experiments. (E) Lymphocytes and calcein-labeled cancer cells (PANC1 or SUIT2) were co-
cultured at 20:1 (E:T) ratio. After co-culture of indicated time, ratio of survival cancer area was corrected in the area of where only the cancer cells were cultured.
Representative images are shown. Original magnification x20. Data are presented as mean =+ SD. *p < 0.05.
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Fig. 3. NF«B suppression inhibits PTPN3 expression and tyrosine kinase expression. Activated lymphocytes were treated with 100 pM PDTC or DMSO (as control) at
day 2. (A) Total and phosphorylated NFkB p65 expression in lymphocytes at day 3 were measured by ELISA. (B) PTPN3 mRNA expression in activated lymphocytes
treated with 50 uM, 100 uM PDTC or DMSO were estimated by real-time RT-PCR. (C) Western blotting was performed for the indicated proteins in activated
lymphocytes treated with PDTC or DMSO. (D,E) PBMCs were infected with shNFkB p65 or shControl lentivirus at day 2 and incubated for 48 h. GFP expression in
lymphocytes was examined and the percentage of CD3 (+), GFP (+) lymphocytes was measured by FACS. (F) NFkB p65 and PTPN3 mRNA expressions were
estimated by real-time RT-PCR. (G) Western blotting was performed for the indicated proteins in activated lymphocytes treated as indicated. (H) PBMCs were
infected with shPTPN3 or shControl lentivirus at day 2 and incubated for 48 h. PTPN3 mRNA expression in lymphocytes was investigated by real-time RT-PCR. (I)
Western blotting was performed for the indicated proteins in activated lymphocytes treated as indicated. (J) Total and phosphorylated NF«B p65 in lymphocytes were
measured by ELISA. Data are presented as mean + SD. *p < 0.05.
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Fig. 5. Cancer cell culture supernatant and TGFp affect PTPN3 expression and NFkB activity in lymphocytes. Co-culture experiments were performed using Transwell
inserts, pancreatic ductal adenocarcinoma cell lines were cultured in the lower chamber overnight and then activated lymphocytes were added in the upper chamber
and incubated for 24 h or 72 h. (A) PTPN3 mRNA and protein expression of lymphocytes were estimated by real-time RT-PCR and (B) western blotting. (C) NFxB
expression and activation of lymphocytes were measured by ELISA with triplicate-well. (D) TGFf (2 ng/ml) or IL-10 (20 ng/ml) was added to activated lymphocytes
at day 2 and cells were incubated for 72 h. PTPN3 mRNA expression of lymphocytes were estimated by real-time RT-PCR. (E) Western blot of the indicated proteins
was performed. (F) TGFB in pancreatic cancer cell culture supernatant was measured by ELISA with triplicate-well. (G) Cancer cell culture supernatant were
incubated with neutralizing mAb against TGFp1 (10 ng/ml) or control IgG for 1 h. Then, activated lymphocytes at day 2 were cultured with 50% of the cancer cell
culture supernatant for 72 h. PTPN3 protein expression of lymphocytes were estimated by western blotting. (H) The cytotoxicity of lymphocytes was analyzed.
Cancer cells (PANC1 or SUIT2) were seeded into a 96-well plate and incubated overnight. Effector cells (activated lymphocytes treated with or without TGFp) were
then added to the culture. Target and effector cells were co-cultured for 72 h. After WST reagent solution was added to the well, the absorbance of viable cancer cells
was detected by subtracting the absorbance of lymphocytes alone from that of co-culture. OD shows the calculated absorbance of viable cancer cells. (n = 3) (I) The
proliferation of activated lymphocytes treated with TGFf was determined. Cell numbers were counted using a light microscope. (J) NFkB expression and activation
were examined in activated lymphocytes treated with TGFp using ELISA with triplicate-well. (K) TGFp (2 ng/ml) was added to activated lymphocytes at day 2 and
cells were incubated for 24 h. Western blot of the indicated proteins was performed. The lymphocytes used in each experiment of (A-K) were obtained from three

different healthy volunteers. Similar results were obtained in all experiments. Data are presented as mean + SD. *p < 0.05.

observed in the PDTC-treated groups compared with controls (Fig. 2D,
E).

We also examined the effects when lymphocytes were activated after
suppressing NFkB activation, the proliferation of lymphocytes was un-
affected in the group treated with 5 pM PDTC, but inhibited by 100 pM
PDTC (Supplementary Fig. S2A). Suppression of migration was also
observed in the PDTC-treated group (Supplementary Fig. S2B). These
results suggest that NFkB is involved in the proliferation, migration, and
cytotoxicity of activated lymphocytes.

3.3. NFxB was involved in PTPN3 expression and tyrosine kinase
expression

We next examined the relationship between PTPN3 and NFkB in
activated lymphocytes. We suppressed NFkB by two methods: PDTC and
shNFkB p65-expressing lentivirus. We confirmed that NFkB p65 nuclear
translocation was suppressed by PDTC (Fig. 3A). We found that PTPN3
expression decreased by PDTC treatment in dose dependent manner
(Fig. 3B). PTPN3 expression and phosphorylation of ZAP70 were sup-
pressed by PDTC (Fig. 3C). No changes in SRC (LCK) were observed. On
the other hand, resting lymphocytes showed low levels of PTPN3
expression and phosphorylation of ZAP70, and PDTC didn’t affect
PTPN3 expression and phosphorylation of ZAP70 (Supplementary
Fig. S2C). We next performed experiments in lymphocytes infected with
shControl or shNFkB p65 lentivirus and confirmed the infection effi-
ciency in lymphocytes by expression of GFP (Fig. 3D). GFP-positive cells
were mostly CD3— positive cells (Fig. 3E). Gene transfection using
lentiviral vector is easy to perform in proliferating lymphocytes and
CD3- cells may be difficult to transfect with lentiviral vectors. We have
also previously shown that PTPN3 expression in CD3+ activated lym-
phocytes was significantly higher than that in CD3— activated lym-
phocytes, and that lymphocyte activation by PTPN3 inhibition is
observed only in activated CD3+ T cells but not in CD3— T cells [7]. We
think that difficulty of transfection in CD3— cells does not affect our
results. After suppression of NFkB in activated lymphocytes by lenti-
virus, PTPN3 expression and phosphorylation of ZAP70 were both
suppressed (Fig. 3F, G). However, upon suppression of PTPN3 in acti-
vated lymphocytes by shPTPN3 lentivirus (Fig. 3H, I), NFkB p65
expression and NFkB p65 phosphorylation were not affected (Fig. 3J).
Together these results indicate NFxB is involved in the expression of
PTPN3 and ZAP70 phosphorylation.

3.4. NFxB may be indirectly involved in PTPN3 expression

Our results suggest that NFkB is involved in the expression of PTPN3.
To verify whether NFkB is directly involved in the expression of PTPN3,
we performed luciferase assays. Using the Ensembl Genome Browser, we
identified the transcription start site (TSS) of the PTPN3 gene (accession
number NM_002829.4) and obtained all PTPN3 gene sequences of
Human GRCh38/hg38 using the UCSC Genome Browser. The PTPN3

gene sequences and the gene sequences around the TSS were compared
by ApE (A plasmid Editor). Several predicted NFxB binding sites
(GGGRNYYYCC) were observed around the TSS (Fig. 4A). PTPN3 pro-
moter regions A and B, which included the predicted NFkB binding re-
gions, were created as described in Methods (Fig. 4B). These regions
were cloned into the pGL3-Promoter vector and designated as pGL3
(PTPN3-A) or pGL3 (PTPN3-B).

We next performed luciferase assays and co-transfected 293 T cells
with the reporter gene construct, phRV-SV40, and specific expression
plasmids (pCMV4-p65 expression plasmid or pCMV4-control plasmid)
(Fig. 4C). Luciferase activity of the pGL3 (PTPN3-B) vector was
increased compared with pGL3-Promoter empty vector, suggesting the
possibility of the region having a cis-element (Fig. 4D). However, further
luciferase activity was not observed with overexpression of NFkB. To
eliminate the possibility that overexpressed NF«B did not act as trans-
element due to a sufficient amount of NFkB present in 293 T cells, we
also measured luciferase activity in 293 T cells with suppressed
endogenous NFkB (Fig. 4E). However, similar results were obtained in
cells with NFkB suppression (Fig. 4F). The result suggests that NFkB may
be indirectly, but not directly, involved in regulating PTPN3 expression
or that there may be a region that acts as an enhancer of NF«kB binding
other than the examined region.

3.5. TGEp was involved in NFxB activation and PTPN3 expression
through SMAD2/3 pathway in the cancer microenvironment

Previous studies have shown that activated lymphocytes work in the
cancer microenvironment [15,16]. Therefore, we next examined
changes in PTPN3 expression and NFkB activity of activated lympho-
cytes in the cancer microenvironment. First, the effect of cancer cells on
PTPN3 expression in activated lymphocytes was examined by adding
pancreatic cancer cell culture supernatant to activated lymphocytes.
Inhibition of PTPN3 expression was observed by addition of cancer cell
culture supernatant from various pancreatic cancer cell lines (Fig. 5A,
B). However, we did not observe huge changes in NFkB (Fig. 5C). Cancer
cells have been shown to release immunosuppressive cytokines, which
affect immunity. Therefore, we next added TGFp [17] or IL10, well-
known immunosuppressive cytokines, to activated lymphocytes to
examine the effects on PTPN3. Inhibition of PTPN3 expression was
observed upon TGFf addition, while no changes were observed in
response to IL-10 (Fig. 5D), and pZAP70 and pSRC (pLCK) increased
with TGFp (Fig. 5D, E). We confirmed that TGFp was detectable at high
levels in the cancer cell culture supernatant (Fig. 5F). In addition, the
contribution of TGFf to the expression of PTPN3 was evaluated using
TGFp neutralizing antibody. Decrease of PTPN3 expression by cancer
cell culture supernatant was abrogated by the addition of TGFp
neutralizing antibody (Fig. 5G). These results strongly suggest that TGFf
is involved with the expression of PTPN3. We also found that TGFf
decreased cytotoxic activity (Fig. 5H) and proliferation (Fig. 5I) and
reduced NFkB activity (Fig. 5J) in activated lymphocytes. To know how
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PTPNS3 is regulated by TGFp, the contribution of SMAD2/3 that is acti-
vated by TGFp stimulation [18,19] was investigated. Phosphorylated
SMAD2/3 augmented by TGFf treatment in activated lymphocytes
(Fig. 5K). These results suggest that TGFp produced by cancer cells may
be involved in regulating NFxkB activation and PTPN3 expression
through SMAD2/3 pathway.

4. Discussion

Here we demonstrate that the transcription factor NF«B is involved
in the enhanced PTPN3 expression in activated lymphocytes. The PTPN3
gene is located on chromosome 9 (9q31.3 190375466-109498313) and
is roughly 120 kb in length. Because the genomic region affecting pro-
moter activity is often present around the TSS region, we cloned a
construct containing the region around the TSS into a luciferase
expression vector. Our results from this assay did not demonstrate a
direct involvement of NFkB in PTPN3 expression. We suspect there may
be a region that acts as an enhancer of NFkB binding other than the
examined region or that several transcription factors may also be
involved in the expression of PTPN3. We also do not exclude the pos-
sibility that NFkB may not be directly involved in PTPN3 expression.
Future studies should verify NF«kB binding sites throughout the PTPN3
gene region and examine other transcription factors that may be
involved in the activation of lymphocytes.

In previous studies, suppression of PTPN3 led to enhanced tyrosine
kinase activity and increased the functions of lymphocytes [7]. How-
ever, in this study, both PTPN3 and tyrosine kinase activity were
decreased upon the suppression of NFkB. We do not have the definite
answer about how NFkB regulates phosphorylation of ZAP70 at
moment. We think that protein tyrosine kinase activity may concur-
rently change with PTPN3 expression to keep homeostasis in the acti-
vated lymphocytes. When NFkB is inhibited in activated lymphocytes,
activation of lymphocytes as well as PTPN3 expression decreased in our
results (Fig. 3). Whether NF«B is involved in phosphorylation of ZAP70
directly or indirectly will be the next direction of the experiment. NFxB
acts as a transcription factor for various genes, regulating not only the
expression of genes that are important for activation of lymphocytes, but
also the expression of genes associated with negative feedback that
regulates activation of lymphocytes [20]. PTPN3 may be one of the
genes whose expression is regulated by NFkB and thereby regulates
lymphocyte activation. In addition to TCR and CD28, IL-1, TNFa, 4-1BB
(CD137), and other factors are also involved in NFxB activation, so
future studies should analyze other factors that regulate the NFkB
pathway.

The anti-tumor effects of cancer-infiltrated lymphocytes are impor-
tant in cancer immunotherapy. Recently, research has been focused on
the cancer microenvironment that is formed in the local area of tumors.
For example, we found that in the hypoxic tumor environment, the
function of activated lymphocytes and dendritic cells may be suppressed
and that PD-L1 expression is upregulated [9,21]. Cytokine production is
also an important factor in the cancer microenvironment. In this study,
we found that TGFp suppressed PTPN3 expression. Previous studies
showed that TGF is an important immunosuppressive factor related to
regulatory T cell induction, cancer fibrosis, and endothelial mesen-
chymal transition [22-24]. Future studies should examine the rela-
tionship between these factors and PTPN3 function. We suspect that
PTPN3 may be involved in the suppression of lymphocyte activation and
maintain homeostasis in association with PTK expression. NFkB is
activated by signals from PTK, and the observation that the expression of
PTPN3 is enhanced by NF«xB is consistent with this finding. However,
various molecules and cytokines act together on the immune system, so
when suppressing or activating a single molecule, the expected result
does not always occur. For example, in this study, PTPN3 was sup-
pressed by TGFp and pZAP70 and pSRC expressions were enhanced by
the suppression of PTPN3 (Fig. 5E). PTK activation is involved in
lymphocyte function enhancement, but addition of TGFp suppressed
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lymphocyte function. Downstream of pZAP70 and pSRC signaling
pathway, TGFf} may suppress factors involved in lymphocyte activation.
A previous study reported that TGFp down-regulates the gene expression
of CTL-mediated cytotoxic effector molecules such as perforin, granzy-
meA, granzymeB, IFN-y, and CD95L (FASL) [25], which are not involved
in the TCR pathway. Therefore, the effector function of lymphocytes
may be suppressed by these other pathways.

Fig. 6 shows the proposed model for the findings of this study. We
think two possibilities of PTPN3 expression through lymphocyte-
activated process as shown in Fig. 6A. One possibility is that there
may be a region that acts as an enhancer of NFkB binding other than the
examined region (pathway ). Another possibility is that a molecule X
that is activated by NFkB may contribute to the expression of PTPN3
(pathway®). In cancer local site, TGF-p may decrease NFkB activation
and PTPN3 expression through SMAD2/3 pathway (Fig. 6B).

PTPN3 was previously identified as an immune checkpoint molecule,
and PTPN3 inhibitory therapy may become a novel cancer therapy as a
novel non-antibody type immune checkpoint inhibitor in the future. In
this respect, the results of this study, which show that NFkB and TGFp
are involved in the mechanism underlying PTPN3 expression in acti-
vated lymphocytes, are expected to provide significant implications for
the improvement of existing immunotherapeutic effects and the devel-
opment of new cancer immunotherapies.
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